Dupuytren's disease (DD) is a fibroproliferative disorder characterized by aberrant proliferation of myofibroblasts, the source of which remains unknown. Recent studies indicate that circulating and tissue-resident mesenchymal stem cells (MSCs) can differentiate into myofibroblasts. Therefore, the aim of this study was to profile MSCs from phenotypically distinct DD sites including cord, nodule, skin overlying nodule (SON), and perinodular fat (PNF) compared with unaffected internal controls, that is, distant palmar fat (DPF) and transverse palmar fascia (Skoog's fibers) as well as external control carpal tunnel (CT) tissue including skin, fat, and fascia. Freshly isolated primary fibroblasts as well as cells grown up to passage 5 (P5) from DD (n = 27) and CT (n = 14) samples were analyzed for the presence of established MSC markers CD73, CD90, and CD105 and absence of hematopoietic marker CD34 using fluorescence-activated cell sorting, in-cell quantitative western blotting, immunohistochemistry, and immunocytochemistry. Freshly isolated cells from SON, PNF, and cord biopsies had a higher number of CD34 -73 + 90 + 105 + cells compared with Skoog's fibers and CT controls. P3 cells obtained from all DD biopsies compared with CT samples differentiated into osteocytes, adipocytes, and chondrocytes. P3 cord and nodule cells expressed intense a-smooth muscle actin staining compared with skin and fat cells. Stem cell markers including stem cell factor, MSC-homing marker CXCR4, and Wnt/b-catenin downregulator Dkk-1 were all upregulated in SON and PNF compared with CT skin and CT fat, respectively, as shown by real-time quantitative polymerase chain reaction. However, osteogenic marker OSF-1 had a significantly higher expression in the PNF (P = 0.002) and cord (P = 0.01) compared with the nodule. In conclusion, we have shown the presence of MSCs in specific DD tissue phenotypes compared with internal and external control tissue. These findings provide preliminary support for a potential alternative source of disease myofibroblasts originating from sites such as SON and PNF as opposed to palmar fascia alone.
Introduction

D
upuytren's disease (DD) is a common fibroproliferative disorder characterized by progressive, irreducible digital flexion contractures [1] . It has been reported that around 25% of men older than 60 years and of Northern European extraction are affected by DD [2] . DD often starts with a small painless nodule in the connective tissue (fascia) of the palm that eventually develops into a cord-like band that prevents full exten-most common surgical procedure (involving excision of the diseased fascia alone) carried out for treatment of DD, but it is associated with a high rate of recurrence pointing toward a possible source of cells that may be implicated in disease etiology and recurrence [4] .
The main cell type responsible for DD is thought to be the myofibroblasts that are derived from the resident fibroblasts in normal fascia [8, 9] . In DD, skin overlying nodular (SON) tissue as well as perinodular fat (PNF) have been shown to be abnormal and it has been suggested that they may have a role in the pathogenesis of DD [10] [11] [12] . The reduced rate of recurrence after a dermofasciectomy (a surgical procedure that involves excision of the SON and PNF including the nodule and cord en bloc) also demonstrates that the skin and fat in DD may be involved in the disease process [13] . Although the involvement of the skin in DD is not a new concept [10] , more understanding of its function in terms of disease progression and recurrence would be most beneficial.
The recruitment of progenitor cells from surrounding areas and their differentiation into myofibroblasts are not peculiar to DD. Hepatic stellate cells differentiate to myofibroblasts in the liver [14] and epithelial-mesenchymal transition provides another mechanism to generate myofibroblasts in pulmonary and renal fibrosis [15, 16] . In addition, it is suggested that fibrocytes that circulate in the blood migrate to tissue and differentiate into myofibroblasts as shown in lung fibrosis [17] . Recently, it has been shown that carcinomaassociated fibroblasts are derived from bone marrow mesenchymal stem cells (MSCs) [18] . Moreover, both skin and fat tissues have been cited as sources of MSCs in humans [19, 20] . Potentially, MSCs located in the SON and PNF have the ability to differentiate into myofibroblasts that could contribute to the excessive contractile fibrotic process that is considered to be the hallmark of DD pathogenesis.
We previously showed that a pool of hematopoietic stem cells (HSCs) and MSCs were present in the skin, fascia, and fat isolated from DD tissue [21] . In that previous study, we identified MSCs on the basis of single-color fluorescenceactivated cell sorting (FACS), utilizing cell surface markers that included CD13, CD29, CD44, CD90, and CD166 without confirmation using a differentiation assay. To further characterize and functionally verify the MSCs implicated in DD, we have adopted the currently accepted criteria for identifying MSCs established by the International Society for Cellular Therapy (ISCT) [22] . The ISCT criteria identify MSCs as ''plastic adherent'' when maintained in standard culture conditions and that MSCs must express CD105, CD73, and CD90, and lack expression of CD45, CD34, and CD14 surface molecules. In addition, MSCs must differentiate to osteoblasts, adipocytes, and chondroblasts in vitro [22] . Therefore, this study aims to identify and characterize MSCs using multicolor FACS in DD tissue phenotypes including cord, nodule, PNF, DFP, and SON compared with control internal and external tissue based on the ISCT recommendations. We will then assess the expression of key stem cell-related and migratory genes as well as functionally assess the progenitor potential of MSCs by using in vitro culture assays.
Materials and Methods
Patient data
This study was carried out in accordance with the Declaration of Helsinki and has been approved by the NHS national research ethics committee. All tissues were collected after patients had given informed consent before their operation at University Hospital of South Manchester, Wythenshawe Hospital in Manchester, and Wrightington Hospital in Wrightington, England, United Kingdom (see Supplementary Table S1 for DD patient data; Supplementary Data are available online at www.liebertonline.com/scd).
Collection of DD and CT biopsies
Biopsies of cord, nodule, PNF, and SON were obtained from patients undergoing routine (standard for our practice) fasciectomy surgery for Dupuytren's disease (n = 27; age range: 47-80 years; mean age = 65 years; 26 males and 1 female). Skoog's fibers (transverse palmar fascia) and distant palmar fat (DPF) taken 2 cm from the margin of the diseased tissue were also obtained as internal controls. In addition to the internal controls, external control tissue samples of skin, fat, and transverse carpal ligamentous fascia were obtained from patients undergoing carpal tunnel (CT) open surgical release (n = 14; age range: 44-80 years; mean age = 59 years; all female). Before being enrolled in the study, patients undergoing CT release were screened for DD, family history of DD, or any associated condition, based on a personal interview, proforma assessment, and clinical examination. All samples were collected and placed in Dulbecco's minimal essential medium (DMEM; PAA) in 10% neutral buffered formalin (Sigma-Aldrich) and in RNAlater (Ambion; refer to Supplementary Fig. S1 for details).
Isolation and culturing of primary cells from tissue biopsies
All tissue biopsies were placed in complete media, that is, DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine (PAA), 100 mg/mL penicillin/streptomycin, and 0.1 mM nonessential amino acids (Sigma-Aldrich), and were washed thoroughly in phosphate-buffered saline (PBS; PAA) before being minced and incubated in collagenase A (10 mg/mL; Roche Diagnostics) for 5 h in the water bath at 37°C. The suspension was passed through a 70-mm cell strainer (BD Biosciences) to remove any remaining tissue. Cells were then washed once with PBS and then either resuspended in 5 mL of complete medium for cell culture or passed through a nylon mesh filter (50 mm Filcon; BD Biosciences) to be immediately used as fresh cells for FACS analysis and real-time quantitative polymerase chain reaction (RT-qPCR). Cells were maintained in culture up to passage 5 (P5) and media was fed to cultures every 3-5 days.
FACS analysis
Multicolor FACS analysis was performed as described earlier [23] 
Real-time quantitative polymerase chain reaction
The expression of characteristic stem cell-related and migratory genes was investigated by RT-qPCR. Freshly isolated cells or P0-P5 cells were collected in Trizol (Invitrogen) and RNA was isolated by Qiagen RNeasy mini kit (Qiagen) as per manufacturer's instructions and quantified on Nanodrop 2000 (Thermoscientific). Complementary DNA was synthesized from 1 mg RNA using qScript (Quanta Biosciences). cDNA was amplified by RT-qPCR using primers as described in Table 2 . Each RT-qPCR was carried out with a total volume of 10 mL in each well of a 96-well plate. This comprised of 5 mL of MasterMix (Roche Diagnostics), 0.1 mL of forward primer, 0.1 mL of reverse primer, 0.1 mL of probe from the Universal Probe Library (Roche Diagnostics), 2.7 mL of nuclease-free water (Ambion), and 2 mL of cDNA (normalized to 10 ng/mL). All reactions were carried out in triplicate.
MSC differentiation assay
To determine whether the cells grown from DD and CT biopsies were uncommitted MSCs capable of differentiating into adipogenic, osteogenic, and chondrogenic lineages, we grew P3 cells in lineage-specific StemPro adipogenic, chondrogenic, and osteogenic media (Invitrogen). Briefly, cells were washed once in PBS and resuspended at a concentration of 1.6 · 10 7 cells/mL in complete media. For chondrogenic pathway, 5 mL of the cell suspension was spotted on the middle of the 24-well plate wells in triplicates and incubated at 37°C/5% CO 2 for 2 h. A total of 1 · 10 4 cells/cm 2 were added for adipogenic pathway and 5 · 10 3 cells/cm 2 were added for osteogenic pathway in 24-well plates and incubated at 37°C/5% CO 2 for 2 h, all in triplicates. After 2 h the complete media was removed and replaced with 500 mL respective StemPro media. The media was changed every 3rd day until day 21. Detection of differentiation was done by staining calcium deposited by osteocytes using Alzarin Red S (Sigma-Aldrich); lipid secreted by adipocytes was stained by Oil Red O; chondrocytes were detected by staining sulfated proteoglycans with Alcian blue as described earlier [24] .
Immunohistochemistry
The tissue biopsies were embedded in paraffin wax and sectioned into 5-mm sections. We followed the usual immunohistochemistry procedure with antigen retrieval for 30 min in Dako antigen retrieval solution (Dako) at 95°C. After washing with PBS, tissue sections were incubated in blocking buffer (PBS + 2% FBS) for half an hour and then incubated in primary mouse anti-human CD34, CD90 (1:100 dilution), CD73, and CD105 (1:200 dilution) antibodies (Abcam) overnight at 4°C. Secondary anti-mouse fluorescein isothiocyanate (FITC)-conjugated (1:250 dilution) antibody ( Jackson Laboratories) was added to the sections after thorough washing with PBS and incubated for an hour at room temperature. 4¢,6-diamidino-2-phenylindole (DAPI) was added to the tissue section for nuclei staining. Isotype-matched antibodies were used as a negative control.
Immunocytochemistry
Cells from P1 to P4 were grown to 80% confluence on 13-mm-diameter cover slips (VWR). Cells were fixed for 1 h in 10% neutral buffered formalin (Sigma-Aldrich). After washing with PBS, cells were incubated in Odyssey blocking buffer (LI-COR Biotechnology, UK Ltd.) for 30 min and then incubated in primary mouse anti-human a-smooth muscle actin (a-SMA), CD34, CD73, CD90, and CD105 (all 1:200 diluted in PBS except a-SMA; 1:1,000) antibodies (all from Abcam) overnight at 4°C after washing with PBS. Cells were labeled by secondary anti-mouse FITC-conjugated (1:250 dilution) antibody ( Jackson Laboratories) after thorough washing with PBS and incubated for 1 h at room temperature. DAPI was added to stain nuclei.
In-cell western blotting
P3 DD-derived cells of all tissue sites were grown to 90% confluence in T25 flasks. Cells were trypsinized and counted on Accuri C6 flow cytometer (Accuri Cytometers); 1 · 10 4 cells per well were plated in 96-well plates (Corning) in triplicates and grown in complete media for up to 48 h at 37°C/5% CO 2 . The cells were then fixed in 10% neutral buffered formalin for 1 h at room temperature. The wells were washed 3 times with PBS (150 mL/well), permeabilized with PBS/0.1% Triton X-100 (150 mL/well, 3 times, 5 min each; Sigma-Aldrich), and blocked in Odyssey blocking buffer (LI-COR; 150 mL/well) for 2 h at room temperature. The samples were then incubated with mouse anti-human-CD34, -CD73, -CD90, and -CD105 antibodies (1:100 for optimal signal-to-noise ratio; Abcam) in Odyssey blocking buffer (LI-COR) overnight at 4°C temperature (50 mL/well) and subsequently washed with PBS/0.1% Tween-20 (150 mL/well) 3 times. Infrared rabbit anti-mouse IRDye800CW secondary antibody (1:800; LI-COR) in PBS/0.5% Tween-20 were then added (50 mL/well). The plates were incubated for 1 h at RT, and the wells were washed with PBS/0.1% Tween-20 3 times. The plates were imaged on an Odyssey infrared scanner (LI-COR) using the microplate 2 setting with sensitivity of 7.5 in the 800 nm wavelength channel. Data were acquired using Odyssey software and exported and analyzed in Excel (Microsoft). All values obtained from primary antibodies treatment were background subtracted from wells treated only with secondary antibody.
Statistical analysis
The percentage of cells positive for each individual MSC marker (CD34, CD73, CD90, and CD105) was determined using Summit v4.3 (Dako). Five-color FACS was performed to find the percentage of CD34 -73 + 90 + 105 + cells. Gene expression was analyzed using the 2 DDCt method [25] and REST 2009 software was used to test the statistical significance of the differences in gene expression [26] . A P value of < 0.05 was considered statistically significant. Both RT-qPCR and FACS data were analyzed in a pairwise method (ie, cord compared with CT fascia, nodule compared with CT fascia, cord compared with nodule, SON compared with CT skin, PNF compared with CT fat, and DPF compared with CT fat) and an unpaired 2-tailed t-test was used to check the statistical significance of the results using GraphPad Prism version 
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5.00 for Windows, GraphPad Software (www.graphpad .com). Multicolor FACS data from different passages were analyzed by comparing means through one-way ANOVA with Dunnett's post-test using GraphPad Prism version 5.00.
Results
FACS-based characterization of DDand CT-derived cells
FACS analysis showed that fresh cells from cord, nodule, PNF, and SON were more positive for MSC markers CD73, CD90, and CD105 compared with their respective CT controls ( Fig. 2A) . In addition, cells from cord, nodule, and SON were also significantly more positive for CD34 compared with control tissue (Cord, P = 0.01; Nodule, P = 0.02; and SON, P = 0.0009). All other samples were negative for CD34. The expression of CD73, CD90, and CD105 increased with passage up to P5 when all cultured cells showed a similar high expression of all 3 markers. CD34 expression reduced in levels from fresh cells to P5 in all samples (Supplementary  Table S2 ).
Fresh cells from PNF were significantly more positive than CT fat for MSC markers CD73 (31.1% vs. 7.7%, P = 0.03) and
FIG. 2. Single-color FACS analysis of freshly isolated cells from Dupuytren's and carpal tunnel biopsies. (A)
The percentage of cells positive for CD34, CD73, CD90, and CD105 markers in diseased tissue and external control. DD nodule and cord showed overall higher expression of all markers compared with external control CT fascia. Same was true for DD skin over nodule compared with CT skin and PNF compared with CT fat. Data shown are from 10 DD and 6 CT patients (*P < 0.
05). (B)
Immunohistochemistry showing the expression of CD34, CD73, CD90, and CD105 (white arrows) in DD and CT biopsies. All fat samples from DD and CT showed higher expression of CD34 compared with other biopsies. Epidermis from skin over nodule and CT skin showed no expression of any of the markers, confirming their presence in dermis alone. D, dermis; DD, Dupuytren's disease; E, epidermis; CT, carpal tunnel; DPF, distant palmar fat; PNF, perinodular fat; SON, skin over nodule; FACS, fluorescence-activated cell sorting. Scale bar = 100 mm. Color images available online at www.liebertonline.com/scd CD90 (11% vs. 2.35%, P = 0.02), whereas CD105 expression was higher in PNF (6.1% vs. 3.5%, P = 0.09), although this was not statistically significant. The expression of CD34 was similar in PNF and CT fat (6.7% vs. 6.1%; Fig. 2A ). The expression of all the above markers was investigated up to P5 and it was found that the expression of CD73, CD90, and CD105 was increased in all samples and became uniform by P5 (Supplementary Table S2 ).
When we compared fresh cells from DPF to CT fat, we found more expression of MSC markers in DPF than CT fat (Fig. 2A) ; however, the higher expression was not statistically significant (P = 0.09). On the other hand, DPF and PNF showed similar expression of MSC markers from P0 to P5 (Supplementary Table S2 ). CD73, CD90, and CD105 are all highly expressed in the cord and nodule. The expression of CD73, CD90, and CD105 were consistently higher in the nodule compared with cord at each passage. At P0, CD90 was expressed significantly higher in the nodule compared with the cord (92.7% vs. 83.7%, P = 0.04), as was CD105 (93.3% vs. 80.2%, P = 0.003). However, the hematopoietic marker, CD34, was significantly higher in the fresh cells derived from the cord compared with the nodule (8.7% vs. 1.2%, P = 0.01).
As the markers for HSCs (CD34) and MSCs are considered to be solely expressed in the dermis, we looked for their expression in all DD and CT tissue sections and confirmed that, in DD skin and control skin samples, all the markers were expressed in dermis (Fig. 2B) . Immunohistochemically, the expression of CD34 and MSC markers was similar between cord and nodule (Fig. 2B ), but PNF stained intensely for all markers compared with DPF and CT fat.
To + cells in cord compared with CT fascia (P = 0.0001). Although nodule tissue expressed these cells more than CT fascia, it was found to be not statistically significant (P = 0.39; Fig. 3) . Similarly, DD SON showed higher expression of CD34 -73 + 90
+ 105 + cells compared with CT skin (P < 0.0001); in addition, PNF (P = 0.009) and DPF (P = 0.0024) had more of the MSCs compared with CT fat (Fig. 3) .
We (Fig. 4) . Moreover, SON, PNF, and DPF samples have significantly more MSCs starting from P0 to P5 compared with fresh cells (Fig. 4) .
Detection of cell surface markers and a-SMA through immunocytochemistry
Expression of CD34, CD73, CD90, and CD105 was also investigated in passaged cells using immunocytochemistry (ICC) (Fig. 5A) . We used cells from P3 for immunostaining and found that the expression of CD73, CD90, and CD105 was similar to the results obtained from single-color FACS analysis. The expression of all MSC markers was highest in the nodule, cord, and PNF compared with their respective controls. To identify myofibroblasts in culture, P3 cells were labeled with a-SMA. We found highest expression of a-SMA in cord-, nodule-, and CT fascia-derived cells compared with skin and fat of both DD and CT samples (Fig. 5A ). This is in agreement with a recent study in which fascia appeared to have more myofibroblasts compared with its overlying skin [27] .
High-throughput in-cell western blotting and quantitative analysis of MSC markers
To quantify the MSC markers at protein level and to corroborate our FACS results, we further analyzed the expression of these markers using a highly sensitive in-cell western blotting technique. In-cell western analysis showed that the in situ expression of CD34, CD73, CD90, and CD105 in P3 cells was similar to what was identified using the FACS analysis and hence confirmed the FACS data (Fig.5B ). CD90 and CD105 were highly expressed in DD samples compared with CT samples, although we did not find any statistically significant difference (P = 0.11). + cells in passages up to P5 (*P < 0.05, **P < 0.01). P0, passage 0 (and so on); MSCs, mesenchymal stem cells.
Differentiation potential of DD-derived cells
FIG. 5. DD-derived cells (P3)
were compared for their expression of MSC markers CD73, CD90, and CD105 against the CT counterparts. (A) Nodule, cord, and PNF showed highest levels of expression of all 3 markers compared with CT control, although semiquantitation showed no significant difference (data not shown). The lower panel shows the expression of a-SMA in DD-and CT-derived P3 cells. Cord, nodule, and CT fascia showed higher expression of a-SMA compared with skin and fat cells. All cells were labeled with secondary rabbit anti-mouse antibodies conjugated with fluorescein isothiocyanate and nuclei counterstained with 4¢,6-diamidino-2-phenylindole (DAPI). Scale bar represents 100 mm. (B) Quantitative data from incell western blot analysis showing that CD90 is highly expressed in all samples followed by CD105 and CD73, whereas CD34 was not expressed much. Data shown here are from 3 independent experiments and represent samples from 6 DD patients and 3 CT patients. a-SMA, a-smooth muscle actin. Color images available online at www.liebertonline.com/scd differentiate into osteocytes, chondrocytes, and adipocytes (Fig. 6A) . However, the extent of the differentiation varied among the different DD samples compared with CT samples when we performed a semiquantification analysis of the differentiation assay data (Fig. 6B) . Osteogenic differentiation. Osteogenesis was established by staining of calcium deposits by osteocytes using Alizarin Red S. Cord and nodule showed a relatively equal ability to differentiate, and both showed a greater ability to differentiate compared with CT fascia (Fig. 6B) . Cells from SON differentiated to a greater extent than normal skin. Differentiation to osteocytes was enhanced in DPF, PNF, cord, and nodule compared with skin from DD as well as skin and fascia from CT.
Chondrogenic differentiation. Chondrocytes were identified by the secretion of ECM rich in sulfated proteoglycans, which were detected by Alcian blue staining in acidic conditions. Overall, the cells from DD and CT samples differentiated more into adipocytes and osteocytes compared with chondrocytes (Fig. 6A) . Staining of CT fascia, CT skin, and SON samples was slight and infrequent but was positive.
Adipogenic differentiation. Adipogenesis was indicated by the presence of neutral lipid vacuoles stained red with Oil Red O. The most intensive staining was seen in cells derived from fat samples as expected (Fig. 6A) . In particular, cells from PNF showed the highest ability for adipogenic differentiation. The fat droplets appeared larger and were more frequent. The differentiation capacity was low in SON, nodule, and CT skin (Fig. 6B) .
FIG. 6.
Trilineage differentiation assay to determine MSC progenitor potential. (A) Cells from passage 3 were used to initiate the osteocytic, chondrogenic, and adipogenic pathways in cells derived from DD and BM MSCs. All cells from DD differentiated into the 3 lineages similar to BM MSCs, thus confirming that the biopsies from the DD contained sufficient number of MSCs that could give rise to all 3 lineage cells. (B) Quantitation of differentiation assay demonstrating the varying ability of cells to differentiate into 3 mesenchymal lineages. The highest ability for differentiation was seen in cells from PNF differentiating into adipocytes. PNF, along with cord, nodule, and CT fat, also showed a high level of differentiation to all 3 mesenchymal lineages. The lowest ability for differentiation was seen in cells from CT skin and CT fascia. Data quantified by counting stained clusters of Alizarin Red S for osteocytes, Alcian Blue for chondrocytes, and Oil Red O for adipocytes and differentiation capacity of DD and CT cells were compared with bone marrow-derived cells. Data are shown from 3 DD and 3 CT patients. All micrographs were taken at 100 · or 200 · total magnification. N/A, not applicable, too few samples to make quantitation reliable; + + + , high ability; + + , moderate ability; + , least ability. BM, bone marrow. Color images available online at www.liebertonline.com/scd Genes involved in MSC homing, maintenance, and early differentiation were found to be upregulated in DD-derived cells
We found that genes that are involved in MSC homing and differentiation, that is, SCF (stem cell factor), Osf-1, CXCR4, Rex-1, and Dkk-1, were upregulated in PNF, DPF, and SON tissue biopsies compared with control tissue, as shown in Fig. 7A . The increased expression of SCF was statistically significant in PNF (P = 0.031), DPF (P = 0.043), and SON (P = 0.006) when compared with their respective CT control biopsies.
A fold change of 2 was shown to be statistically significant for SON in the genes Osf-1 (P = 0.046) and CXCR4 (P = 0.002). PNF and DPF both showed an increased expression that was statistically significant for CXCR4 (P = 0.05 and P = 0.001) and Dkk-1 (P = 0.001). In addition, there was a significantly higher expression of Osf-1 in PNF (P = 0.002). The expression of Rex-1 was also higher in PNF, DPF, and SON in comparison to the control; however, this was not statistically significant.
Only cells derived from PNF and DPF showed high expression of all 5 genes up to P5, although the expression was decreased gradually from P0 to P5 (Fig. 7A, B) . In PNF, the expression of Osf-1 (P = 0.004) and Dkk-1 (P = 0.035) remained significant compared with CT at P5 with a fold change of 5 and 2, respectively. In DPF, only CXCR4 was expressed significantly higher at P5 compared with control.
SCF, Osf-1, CXCR4, and Dkk-1 were expressed significantly more in cord and nodule compared with CT fascia. Compared with CT fascia, Osf-1 was expressed significantly higher in cord (P = 0.001) and nodule (P = 0.001). Further, there was a significantly higher expression of Osf-1 (P = 0.01) in the cord compared with the nodule, with a fold change of 7. The expression of SCF was significantly higher in the nodule compared with the cord at P0 (P = 0.034) and P5 (P = 0.025); the difference was not statistically significant when freshly isolated cells were compared as shown in Fig. 7A .
Discussion
In this study, we have shown the presence and differential distribution of MSCs in cells derived from DD and CT tissue biopsies. In addition, utilizing immunostaining and differentiation assays, we have demonstrated for the first time the morphology and differentiation capacity of these cells as authentic MSCs in DD and compared them with internal and external controls.
In light of the definition given by ICST MSC markers (CD73, CD90, and CD105 positive and CD34 negative) [22] , we looked for these markers in freshly isolated cells as well as cells cultured from passage 0 to 5 and found that all of these cells expressed CD73, CD90, and CD105 ( Fig. 2 and Supplementary Table S2 ). CD34 expression was scanty and gradually decreased with every subsequent passage. We further confirmed all our results, first, using immunohistochemistry and ICC ( Figs. 2A & 5A ) and then by quantifying individual markers utilizing in-cell western blotting (Fig. 5B) . The expression levels of the positive MSC markers were found to increase with increasing passage numbers and became more uniform with longer culture times, which is in agreement with existing literature [28] . In contrast, CD34
+ cells rapidly reduced in number after P0, suggesting that they were less able to attach and proliferate in the culture conditions used for MSC propagation.
There was a higher expression of CD34 -73 + 90 + 105 + cells in SON-, PNF-, and cord-derived fresh cells compared with external control CT (Fig. 3) . This finding indicated the presence of more progenitors around the nodule especially in SON and PNF where the cells may possibly originate from and subsequently differentiate into myofibroblasts. The difference in the expression of MSC markers disappeared between DD-and CT-derived cells in vitro, showing that plastic adherence led to selection of cells expressing CD73 and CD90 (Fig. 4) .
All cells from passage 3 were differentiated into all 3 lineages of MSCs (Fig. 6A) . The ability of cells from DD to differentiate into osteocytes, chondrocytes, and adipocytes fulfills the popular criterion for what constitutes an MSC (Fig. 6B) [22] . The hallmark of myofibroblast recognition is considered to be the expression of contractile fibers staining a-SMA. Thus, this was assessed by immunofluorescence and we found that cord as well nodule expressed more a-SMA compared with skin and fat (Fig. 5A) . Most of the myofibroblasts are thought to be found in the nodule compared with the cord [9] ; however, we found a similar number of positive a-SMA in both cord-and nodule-derived cells, which may indicate that, in culture, fibroblasts tend to mature into myofibroblasts increasingly.
Despite the extensive number of candidate markers for MSCs, there is no set of markers that is able to specifically identify a homogenous population of MSCs [29] . Some studies have identified CD73 and CD105 to be the most selective MSC markers. In a study that analyzed CD73, CD90, and CD105 in human MSCs, CD73 was proposed to be the most sensitive MSC marker [30] . Adult MSCs were identified by the same stem cell markers used in this study from other pathological tissues such as osteophytes in osteoarthritis [31] . Further, CD73
+ cells from synovial membranes have shown the ability to differentiate to the same mesenchymal lineages shown in this study [32] .
Nevertheless, other studies have shown that MSC populations obtained from different tissues do not differ in their expression of the main set of markers, as used in this study [33] ; therefore, the use of selected markers in different types of tissues is considered acceptable. However, the exact functional role of the surface markers analyzed in MSCs remains unknown.
We have recently shown that CD34 is expressed in DD tissue [21] and an increase in expression of CD34 has shown to be associated with a higher risk of recurrence in dermatofibrosarcoma protuberans (DFSP) [2, 34] . Indeed, CD34 is known to be expressed on a subset of MSCs known as fibrocytes, which are involved in wound healing. A study looking at adipose-derived MSCs found that 7.3% of the cells were positive for CD34 [35] . This is in agreement with the relatively low number of PNF cells (6.7%) that were positive for CD34 (Fig. 2A) . This percentage markedly declined to < 1% by P5 (Supplementary Table S2 ).
The genes investigated in this study using RT-qPCR have been found to be related to MSC homing, maintenance, and early MSC differentiation [36] [37] [38] [39] [40] . The statistically significant higher expression of SCF, Dkk-1, and CXCR4 in both SON and PNF when compared with the corresponding controls and DPF expressed more of all genes compared with CT fat, but CXCR4 stands out as the main gene that expressed significantly more in them compared with CT fat (*P < 0.05, **P < 0.01). SCF, stem cell factor.
further suggests the presence of an MSC population from these tissues in DD. SCF is expressed by MSCs [41] and has been cited as a potential marker for proliferation in tumors [42] . The statistically significant higher expression of SCF observed in the cord compared with the nodule (P = 0.03) highlights the possibility that the cord in DD may be a potential site for proliferation of MSCs in this lesion (Fig. 7) .
The induction of Dkk-1 expression is thought to downregulate the Wnt/b-catenin pathway in some cancers [43] , a pathway that has been shown to be dysregulated in DD [44] . The increased gene expression of Dkk-1 in the PNF and SON were both statistically significant (P < 0.001). The association of SON and PNF with a high content of cells expressing stem cell-related genes provides further evidence for their involvement in the pathogenesis of DD. Another important finding was that MSC's homing gene, CXCR4, was significantly increased in SON (P = 0.04) and PNF (P = 0.003). This gene is highly expressed in breast cancer cells [45] and has a role in the adhesion of prostate cancer cells [46] . CXCR4 is cited as an adult stem cell marker that is expressed in granulation tissue [47] . Further, CXCR4's role in CD34
+ fibrocytes migration and hematopoietic cell trafficking through tissue has been verified and may be related to the migration of MSCs in DD [48, 49] .
PNF showed an increased expression of Osf-1 (P = 0.002), a marker of osteoblasts at their earliest stage of differentiation. In a previous gene expression study, Osf-1 has been shown to be upregulated in DD and Peyronie's disease (PD) [50] (another fibrotic disease associated with DD [51] ). Additionally, the authors of this research also stated that PD fibroblast cultures contained pluripotent cells capable of osteogenic differentiation and calcification and suggested that a similar type of cell could be present in DD. Cells of this type located in the cord showed a significantly higher expression of Osf-1 than the nodule.
Despite the obvious differences in the stem cell gene expression between DD and control CT tissues, the same differences were not seen in cultured cells. As early as P0, the cells seem to lose their expression of SCF and Rex-1. Other studies have acknowledged this trait in adipose-derived stem cells, wherein Rex-1 was shown to be expressed only in early passages [38] . This finding represents a stark contrast to MSCs derived from amniotic fluid, wherein expression of Rex-1 and SCF was shown to be present up to passage 20 [52] .
In DFSP, expansion of MSCs has been suggested as a cause of the disease alluding to the ''tumor stem cell'' theory [53] . The MSCs identified in this study may represent ''tumor stem cells'' in DD. Albeit, the term ''tumor'' has to be cautiously used, as DD remains a benign condition and at best may be described as a quasi-neoplastic disorder with absence of malignant potential.
Dupuytren's disease has several features in common with a benign neoplastic process, such as the high rate of recurrence after surgery as well as the presence of several chromosomal abnormalities [54, 55] . The tumor stem cell hypothesis includes tumors of the mesenchymal lineage in addition to renal, breast, and brain tumors [56] . In addition, a tumor-initiating stem cell population has been identified in human renal carcinomas [57] .
In summary, we have shown in this study that freshly isolated cells from DD and CT tissues along with the primary fibroblasts grown in vitro from passage 0 to passage 5 culture-expanded plastic-adherent cells contain CD34 The results of this research provide preliminary evidence of a potentially alternative source for myofibroblasts present in the hypercellular nodule. DD may not only be a disease of the palmar fascia but also involves SON as well as the perinodular fat. Should this hypothesis be confirmed, specific targeting of these cells could represent an encouraging clinical development.
